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The electron-doped cuprate Pr2−xCexCuO4 is investigated using infrared magneto-optical mea-
surements. The optical Hall conductivity σxy(ω) shows a strong doping, frequency and temper-
ature dependence consistent with the presence of a temperature and doping-dependent coherent
backscattering amplitude which doubles the electronic unit cell. The data suggest that the coherent
backscattering vanishes at a quantum critical point inside the superconducting dome and is associ-
ated with the commensurate antiferromagnetic order observed by other workers. Using a spectral
weight analysis we have further investigated the Fermi-liquid like behavior of the overdoped sam-
ple. The observed Hall-conductance spectral weight is about 10 times less than that predicted by
band theory, raising the fundamental question concerning the effect of Mott and antiferromagnetic
correlations on the Hall conductance of strongly correlated materials.
PACS numbers: 74.25.Gz, 74.72.Jt, 75.30.Fv, 75.40.-s
Doping a Mott insulator yields a number of exotic
properties due to strong correlations in a great num-
ber of materials [1]. Among these, the properties of
cuprates remain one of the greatest challenges in con-
densed matter physics. The last few years have seen re-
markable progress on the synthesis of high critical tem-
perature (high Tc) cuprates, followed by reliable and high
performance energy and momentum spectroscopic mea-
surements. It is now possible to compare quantitatively
the electron-doped side and the hole-doped side in the
cuprate phase diagram. One striking difference is the
presence of antiferromagnetic order in a much larger re-
gion on the electron-doped side of the phase diagram.
This characteristic has been seen directly by neutron
[2, 3], µSr [4] and indirectly by optics [5] and angle re-
solved photoemission (ARPES) [6]. However, the exact
location of the antiferromagnetic region with respect to
the superconducting region remains an open question as
does the effect of antiferromagnetic order and fluctua-
tions on electronic properties. Recent inelastic neutron
studies [3] have concluded that these two phases do not
overlap by showing that the antiferromagnetic phase is
destroyed at dopings just before the appearance of the su-
perconducting dome. On the contrary, various ARPES
[6, 7, 8] and optical [5] studies have shown the presence of
a large energy pseudogap in this material. At low tem-
perature this feature, which may be a signature of the
antiferromagnetism, persists at dopings well inside the
superconducting dome and ends at a quantum critical
point at xc = 0.165 above optimal doping. These re-
sults are consistent with DC Hall experiments [9] which
have also shown strong evidence of this quantum critical
point inside the superconducting dome. At high temper-
atures, standard optical measurement and ARPES data
have also shown that this large energy pseudogap disap-
pears [5, 8].
To investigate further signatures of antiferromagnetism
in the electron-doped cuprates, we have performed in-
frared Hall (IR Hall) measurements of the electron-doped
Pr2−xCexCuO4 (PCCO) cuprate over a wide range of
dopings and temperatures. The IR Hall response σxy
exhibits a rich structure, including frequency and tem-
perature dependent sign changes, which can reveal more
about the electronic structure of materials than the lon-
gitudinal conductivity σxx. For example, IR Hall mea-
surements have been found to be an extremely sensitive
probe to the strong correlation effects in the hole-doped
cuprates [10, 11, 12]. In this Letter we show clear ev-
idence at low temperatures and low dopings of a gap-
like feature well inside the superconducting dome and
its closing at higher dopings. These results support the
scenario of a strong change in the Fermi surface in the
electron-doped cuprates due to antiferromagnetic order-
ing and the presence of a quantum critical point inside
the superconducting dome.
Thin films of Pr2−xCexCuO4 of several compositions
were grown on LaSrGaO4 (LSGO) substrates using
pulsed laser deposition [13]. In this experiment we
have studied the following samples: a highly underdoped
(x=0.12) Tc = 2 K (thickness 1260 A˚), optimally doped
(x=0.15) Tc = 19.6 K (thickness 1450 A˚) and overdoped
(x=0.18) Tc = 9.3 K (thickness 1250 A˚). We have mea-
sured the reflectance (R), transmittance (T) and the com-
plex Faraday rotation angle. From these we have ex-
tracted the longitudinal conductivity (σxx) and Hall con-
ductivity (σxy). The reflectance and transmittance were
measured for all samples in the 400-4000 cm−1 spectral
range with a Bomem Fourier Transform spectrometer,
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FIG. 1: (a) Real and (b) imaginary part of σxy as a function of
frequency at 50K. Note the suppressed zero on the frequency
axis. The underdoped superconducting x=0.12 and optimally
doped sample x=0.15 show a clear sign change in Im(σxy). As
described in the text, this feature is a signature of antiferro-
magnetic order in the sample. The overdoped superconductor
x=0.18 does not show a sign change in Im(σxy).
enabling us to determine σxx in this frequency range.
Data were typically taken at 5 temperatures between
30 K and 300 K using a continuous flow cryostat. The
Faraday rotation and ellipticity, represented by the com-
plex Faraday angle θF , were measured using a photoelas-
tic polarization modulation technique [14] from 30K to
300K and from -8T to 8T. Experimental errors generated
by this analysis in the real and imaginary part of σxy due
to errors in measurements of σxx and θF are estimated
to be ±5%.
As previous studies of the longitudinal conductivity
[5] have shown, the low temperature and low doping
(x=0.12) reflectance and transmittance data clearly show
an extra spectral contribution at ≈1500cm−1 compared
to the standard optical response in cuprates. This spec-
tral shape translates into the opening of a partial gap
in the optical conductivity σxx. At low temperatures,
the gap magnitude is smaller in the intermediate doping
(x=0.15) than it is at the x=0.12 concentration. And it is
not present at all at x=0.18. At room temperature none
of the dopings presents the signature of this spectral gap
in R, T or σxx spectral functions.
Using the measured values of σxx, the Faraday angle
θF can be translated into other response functions such as
the infrared Hall conductivity σxy (the off diagonal term
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FIG. 2: Temperature evolution of Im(σxy) for x=0.18, 0.15
and 0.12. As temperature is raised, the zero-crossing in this
response function clearly shifts to lower frequency for the op-
timally doped sample x=0.15.
in the complex conductivity tensor σ˜) or the complex
Hall coefficient RH [14]. In this work we focus on σxy as
the fundamental magneto-transport quantity. Previous
studies have validated this technique by measuring the IR
Hall response of simple metals such as gold and copper
[15]. The optical properties of simple metals are well
described by a Drude model, and the IR Hall spectra
for these cases were found to be consistent with a Drude
model with mass parameter taken from band theory and
measured scattering rate from σxx.
Figure 1 shows our principal results: the real and imag-
inary parts of σxy as a function of frequency for x=0.12,
0.15 and 0.18 at T=50K.We begin our discussion of these
data with reference to the Drude model with scattering
rate γ, in which σxy = S0/(γ− iω)
2, with S0 determined
by band structure. In this model Im(σxy) has the same
sign at all frequencies, while Re(σxy) has one sign change
at a frequency set by γ. The data for x=0.18 are qual-
itatively consistent with the Drude model: Im(σxy) has
the hole-like signature predicted by the band structure
at this doping, does not change sign over the experimen-
tally accessible frequency range, and at low frequencies,
Re(σxy) has the hole-like sign found in the DC measure-
ment [9], along with one sign change (at ≈1750cm−1) in
the experimental frequency range. One qualitative incon-
sistency with the Drude model is that, in the model the
maximum of Im(σxy) occurs only slightly above the fre-
quency at which Re(σxy) crosses zero. Extended Drude
3models with frequency dependent scattering rates also
exhibit this feature. However in the data the maximum
of Im(σxy) obviously lies well below the zero-crossing of
Re(σxy). We believe that this difference arises because
of electron-like contributions to σxy below the frequency
range of our measurements due to magnetic fluctuation
effects. From Kramers-Kronig relations these low fre-
quency contributions would increase Re(σxy) while do-
ing little to Im(σxy) in our frequency range and therefore
push the zero-crossing of Re(σxy) to higher frequencies.
Evidence for these effects are also seen in the DC Hall
coefficient in similarly doped samples as multiple zero-
crossings of RH with temperature.
The data we have obtained for the lower doping x=0.15
and x=0.12 differ qualitatively from the predictions of the
Drude model. In the less doped samples Im(σxy) exhibits
zero-crossings at frequencies which increases as doping
decreases. While Re(σxy) is concomitantly larger (in the
experimental frequency range), DC Hall measurements
indicate an electron-like sign at both x=0.15 and x=0.12
which implies a sign change must occur below our lowest
measured frequency.
Figure 2 shows the temperature variation of Im(σxy)
for all three dopings. As expected the overdoped sam-
ple x=0.18 does not present a zero-crossing in this re-
sponse function at any temperature. For the optimally
doped sample x=0.15 the zero-crossing clearly shifts to
lower frequencies (see arrow in panel (b)) below the mea-
sured frequency range as the temperature is raised. This
feature is not observed for x=0.12, however the low fre-
quency response is moving to smaller values as tempera-
ture is raised (see arrow in panel (c)). These variations
could indicate the closing of the high energy pseudogap
as seen in ARPES [8], σxx [5] and DC Hall measurements
[9]. The DC Hall and IR Hall measurements seem how-
ever to be more sensitive than ARPES and standard op-
tical measurements when probing the temperature evolu-
tion of this gap since they still clearly show the presence
of the high energy pseudogap at room temperature in
underdoped samples.
To go beyond the Drude model and understand the
entire set of data, we now develop a spin density wave
(SDW) model. We consider a mean field theory of elec-
trons moving on a square lattice with dispersion
εp = −2t(cos px + cos py) +
4t′ cos px cos py − 2t
′′(cos 2px + cos 2py) (1)
and parameters t = 0.38eV=3056 cm−1, t′ = 0.32t and
t′′ = 0.5t′, chosen to reproduce the Fermi surface mea-
sured in the photoemission experiments, [6, 16]. The elec-
trons are scattered by a commensurate (π, π) spin den-
sity wave with scattering amplitude ∆. The electric and
magnetic fields are represented by vector potentials and
coupled via the Peierls phase approximation, ~p→ ~p− e
c
~A.
At the relevant carrier concentration, the Fermi surface is
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FIG. 3: (a) Real and (b) imaginary part of σxy as a function
of frequency based on a spin density wave model (SDW) with
three different gap values. Note that the zero-crossing dimin-
ishes with smaller input gap values ∆ in the SDW model as
observed experimentally in figures 1 and 2 (see dash boxes for
better comparison).
such that the scattering vector (π, π) connects Fermi sur-
face points, causing reconstruction of the Fermi surface.
At a doping of x = 0.15, for ∆ less than ∆c ≈ 0.26 eV,
the calculated Fermi surface exhibits both an electron-
like pocket centered at (π, 0) and hole-like pockets cen-
tered at (±π/2, π/2) as observed in photoemission [6];
for larger ∆ only the electron pocket remains. The lon-
gitudinal and Hall conductivities are calculated by direct
evaluation of the Kubo formula; for σxy we used the ex-
pressions given by Voruganti et. al. [17]. While this
approach does not capture the physics of the Mott tran-
sition, it does give a reasonable picture of the effect of
the SDW gap on the quasiparticle properties.
Figure 3 shows the calculated IR Hall response for
∆ = 0, 1200cm−1, 1800cm−1. For ∆ = 1200cm−1
and 1800cm−1 we used a constant scattering rate γ =
0.2t = 608cm−1. The qualitative resemblance of the cal-
culated curves to the data obtained for x = 0.12 and
0.15 is striking (compared to figure 1). For non-zero ∆ a
sign change occurs at a ∆-dependent frequency and cor-
respondingly, in the range of frequencies actually mea-
sured, Re(σxy) becomes larger as ∆ increases and two
sign changes occur; one at high and one at low frequency.
The zero-crossing seen in the Im(σxy) may be under-
stood as follows: the SDWmodel predicts a Fermi surface
made up of hole-like and electron-like pockets. Im(σxy)
is negative (electron-like) at low frequencies where the
large electron-like pocket dominates the transport. How-
ever, at high frequency (frequencies much higher than
the SDW gap ∆) the response must revert to the hole-
like response of the underlying hole-like band structure.
Similarly, the changes observed with increasing temper-
4ature are clearly similar to those occurring as the gap
is reduced in the model calculation. Although the qual-
itative correspondence between calculation and data is
striking an important difference exists: the magnitude of
the calculated Hall response is bigger than the measured
values by factors of the order of 5. We believe this dif-
ference is the signature of the suppression of AC charge
response by Mott physics. Understanding this in more
detail is an important open problem.
Figure 3 also shows a calculation of the IR Hall re-
sponse for ∆ = 0; this is to be compared to the data
obtained for x = 0.18. For this doping we have used a
frequency dependent scattering model previously used to
fit the x = 0.18 σxx data [17]. The rough magnitude
and frequency dependence are in qualitative accord with
the measurement, but the incorrect position of the zero-
crossing in Re(σxy) demonstrates that despite its suc-
cess in fitting the longitudinal conductivity the extended
Drude model is an inadequate description of transport
even in overdoped PCCO.
It is useful to consider the small measured values of
σxy in terms the general issue of optical sum rules. For
the longitudinal conductivity σxx the appropriate par-
tial sum is K(Ω) =
∫ Ω
0
2
pi
Reσxx(ω)dω. In high tem-
perature superconductors, theoretical and experimental
evidence suggests that for 0.1eV <∼ Ω ≪ 1eV , i.e.
above the Drude peak but well below the interband
and upper Hubbard band features, the partial integral
is proportional to the product of the doped hole den-
sity per Cu atom and the band theory conduction band
kinetic energy Kband ≈ 0.4eV : for 0.18-doped PCCO,
K(0.4eV ) = Kdoped−hole ≈ xKband [16]. For frequen-
cies below this value the extended Drude parametriza-
tion σxx(ω) = K
doped−hole/(γxx(ω) − iω(1 + λxx(ω))) is
physically meaningful. For the Hall conductivity, the ap-
propriate partial sum is K(Ω) =
∫ Ω
0
2
pi
ωImσxy(ω)dω [18]
and the corresponding extended Drude parametrization
is σxy(ω) = S
doped−hole/(γxy(ω)− iω(1 + λxy(ω)))
2. For
the low doped samples the effects of the SDW gap ex-
tends through our measurement range. Therefore we fo-
cus on the overdoped x=0.18 sample for which there are
no obvious high frequency SDW effects. We can esti-
mate S(0.4eV, 0.1eV) =
∫ 0.4eV
0.1eV
directly from the data,
finding about 0.045SBand. We may estimate the con-
tribution arising from below our measurement range in
two independent ways; the two methods yield consis-
tent answers. First, we observe that the very low fre-
quency longitudinal conductivity is characterized by a
Drude peak of width γ∗ ≈ 0.01eV and a Hall resis-
tance not too far from the band value, suggesting that
at low frequencies a picture of weakly scattered quasi-
particles is appropriate, so that γ∗xy = γ
∗, allowing us
to estimate the integral over the low frequency region
as
∫ 0.1eV
0
2
pi
ωImσxy(ω)dω ≈ S
doped−hole/(1 + λxy(ω =
0))2 ≈ σxy(ω = 0)/(γ
∗)2 ≈ 0.035Sband, leading to the
estimate S(0.4eV ) ≈ 0.08Sband. Second, model calcula-
tions [19] show that in the frequency range Ω ∼0.2eV the
quantity (Ω/Im(σxy(Ω))
2 is about a factor of two larger
than S(Ω). Using this factor of two and our data gives
the estimate S(0.4eV )≈ 0.1SBand. Thus, we conclude
that the IR hall data at x = 0.18 imply a suppression
of the Hall effect which is approximately a factor of two
greater than the suppression of the longitudinal conduc-
tivity, rasing the possibility of different Mott renormal-
izations of the Hall and longitudinal conductivities. We
suggest that refining the experimental estimates and ex-
tending them to other materials, as well as developing an
appropriate body of theoretical results, are urgent open
problems.
We have reported the transverse optical conductivity
σxy(ω) of the electron-doped cuprate Pr2−xCexCuO4. At
low doping and temperatures, the results are consistent
with a spin density wave scenario which was previously
used to explain photoemission and standard optical con-
ductivity data. At high doping, we find no sign of this
SDW gap, however a spectral weight analysis shows that
the material could still manifest effects from this gap in
its optical response function.
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